Introduction
============

Pyridostigmine bromide (3-\[\[(dimethylamino)-carbonyl\]oxy\]-1-methylpyridinium bromide), a reversible inhibitor of cholinesterase, has been used to treat myasthenia gravis, reverse neuromuscular blockade, and prevent nerve gas (ie, soman) poisoning. Pyridostigmine may also be used to treat flatulence and urinary retention after abdominal surgery.[@b1-ijn-8-737]--[@b3-ijn-8-737]

Pyridostigmine is readily soluble in water, which may be responsible for its short elimination half-life (1--2 hours) and poor bioavailability (11.5%--18.9%).[@b4-ijn-8-737],[@b5-ijn-8-737] Pyridostigmine tablets are given orally, and a treatment schedule of multiple doses every day (3--6 times per day) is recommended for adult patients, while sustained-release pyridostigmine (Timespan^®^) tablets can be taken once or twice daily. The results of an open-label multicenter clinical study support the usefulness of a sustained-release preparation of pyridostigmine to improve quality of life for patients with myasthenia gravis.[@b6-ijn-8-737] The in vitro release characteristics of other modified-release formulations of pyridostigmine reported previously (microparticles, pellets, and hydroxypropylmethylcellulose-based sustained-release tablet) are similar to those of Timespan.[@b7-ijn-8-737],[@b8-ijn-8-737]

Other approaches, including nanosized poly(lactic acid) (PLA) particles, are receiving attention[@b9-ijn-8-737],[@b10-ijn-8-737] in an effort to improve such sustained-release drug formulations further. In the present study, nanotechnology was used to develop an alternative sustained-release nanosystem for delivery of pyridostigmine, a synthetic drug with high solubility and poor oral bioavailability. Administered by the gastrointestinal or parenteral routes, this nanosystem could be expected to have a markedly longer duration of action compared with free pyridostigmine or previously reported sustained-release formulations of this drug. We prepared nanosized PLA microcapsules containing pyridostigmine (PPNMCs) using a double emulsion-solvent evaporation method, and single-factor experiments were done to formulate these microcapsules.[@b11-ijn-8-737],[@b12-ijn-8-737] The morphology of the PPNMCs was observed using biomicroscopy, particle size and zeta potential were characterized by dynamic light scattering, and in vitro release of pyridostigmine from PPNMCs was investigated using a dialysis method in different types of release medium in order to evaluate the sustained-release characteristics of PPNMCs in comparison with those of free pyridostigmine.

Materials and methods
=====================

Materials
---------

Pyridostigmine bromide (purity 99.6%) was purchased from Yuancheng Technology Development Co, Ltd (Wuhan, People's Republic of China), PLA (molecular weight 45,840--76,380) was supplied by the Research Center of Biomimetic Material Science and Engineering, Chongqing University, Chongqing, People's Republic of China, and polyvinyl alcohol (PVA)-217 was sourced from Kuraray Co, Ltd, Tokyo, Japan. All other chemical reagents were of analytical grade or better.

Preparation of PPNMCs
---------------------

PPNMCs were produced using a modified W~1~/O/W~2~ double emulsion-solvent evaporation method.[@b13-ijn-8-737]--[@b16-ijn-8-737] Briefly, one milliliter of drug solution (containing 40 mg of pyridostigmine) was added slowly to 10 mL of dichloromethane containing 6% w/v PLA under magnetic stirring (at about 3000 rpm) to yield a primary W~1~/O emulsion. The resulting emulsion was then dispersed in 100 mL of a 3% w/v P VA water solution (W~2~) in an ice-water bath. The reaction proceeded under magnetic stirring for 30 minutes to form a homogeneous milky suspension (W~1~/O/W~2~ double emulsion), and the organic solvent was then evaporated off using a hypobaric drying method.

Determination of percentage encapsulation and drug loading
----------------------------------------------------------

The nonentrapped pyridostigmine was separated from the PPNMCs by centrifugation at 12,000 g for 10 minutes.[@b17-ijn-8-737] The supernatant was analyzed on a spectrophotometer (UV-5130, Shimadzu, Kyoto, Japan) and the empty PNMCs were used as the blank control ([Figure 1](#f1-ijn-8-737){ref-type="fig"}). The absorption spectra of the PPNMCs and blank control clearly displayed considerable overlap, so direct ultraviolet-visible spectroscopy appeared unsuitable for determination of the pyridostigmine concentration.[@b18-ijn-8-737],[@b19-ijn-8-737] Fortunately, a second derivative spectroscopic method was able to be used for quantification ([Figure 1](#f1-ijn-8-737){ref-type="fig"}). The ultraviolet-visible measurement conditions included a slit width of 8 nm, a fast scan speed, and the recorder scale was expanded to facilitate reading a recording profile.

The amplitude of pyridostigmine was measured from baseline to the positive peak at 287 nm, and the data were fitted to a linear regression equation:
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where r = 0.9998 (n = 3), D is the pyridostigmine amplitude, and C was the concentration of pyridostigmine which ranged from 16.68mg/mL to 38.92 mg/mL.

Recovery of pyridostigmine was 100.30% ± 0.94% (n = 9). Therefore, the second derivative spectroscopic method was shown to be an accurate, simple, and reliable analytical method. The following equations were used to calculate the entrapment efficiency (EE%) and drug loading (DL%).[@b20-ijn-8-737]
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where W~total\ drug\ added~ is the total amount of pyridostigmine added to the preparation, including both entrapped and free pyridostigmine, and W~free\ drug~ is the amount of free pyridostigmine, and W~total\ PLA\ added~ is the total amount of PLA added to the preparation.

Optimization of formulation component
-------------------------------------

The previous literature and our preliminary studies showed that some formulation factors have key roles in the encapsulation rate and drug loading capacity of nanosized PLA delivery systems.[@b21-ijn-8-737],[@b22-ijn-8-737] In our study, single-factor tests were performed to identify the critical parameters of the formulation and the preparation process used for PPNMCs. In other words, one parameter was subjected to change while keeping the others constant. First, the type of organic solvent (external phase of the primary emulsion) was optimized, while keeping the volume ratio of internal phase to external phase (1:10), PLA concentration (2%, w:v), PVA concentration (1%, w:v) and amount of pyridostigmine (10 mg) constant. Second, the volume ratio of inner water phase to external phase of primary emulsion was changed in order to select the optimum level while using dichloromethane as oil phase, and keeping the PLA concentration (2%, w:v), P VA concentration (1%, w:v) and amount of pyridostigmine (10 mg) constant. Third, the PLA concentration was optimized while using dichloromethane as oil phase, and keeping the volume ratio of internal phase to external phase (1:10), PVA concentration (1%, w:v) and amount of pyridostigmine (10 mg) constant. Fourth, the PVA concentration was optimized while using dichloromethane as oil phase, and keeping the volume ratio of internal phase and external phase (1:10), PLA concentration (6%, w:v) and amount of pyridostigmine (10 mg) constant. Finally, the amount of pyridostigmine was optimized while using dichloromethane as oil phase, and keeping the volume ratio of internal phase to external phase (1:10), PLA concentration (6%, w:v), and P VA concentration (3%, w:v) constant.

In this way, several different concentrations of critical preparation factors (such as oil phase type and the volume ratio of internal phase to external phase of the primary emulsion) and the main formulation components (ie, PLA, PVA, and pyridostigmine concentrations) were tested one by one to optimize the properties of the formulation, and PPNMCs with various formulations were prepared according to a one-factor experimental design. PPNMCs having good structural integrity and showing maximum entrapment and suitable drug loading were then studied further.

Morphological features
----------------------

A sample was prepared by diluting 1 mL of the PPNMCs with 9 mL of distilled water. Its appearance was observed by optical biomicroscopy (XSP-35-1600X, Phoenix, Shangrao, People's Republic of China) and micrographs were taken using a camera (C-60 ZOOM, Olympus, Hong Kong, People's Republic of China).

Particle size and electric charge
---------------------------------

The samples were prepared using the same method as described above. PPNMC particle sizes and their distribution were determined by dynamic light scattering (Zeta-Sizer Nano-ZS90, Malvern, Worcestershire, UK). The zeta potentials and their width were measured using the same equipment.[@b16-ijn-8-737]

In vitro release of pyridostigmine from PPNMCs
----------------------------------------------

The in vitro release studies were performed using a modified dialysis method.[@b11-ijn-8-737] PPNMCs equivalent to 10 mg of pyridostigmine were placed in dialysis tubes and then immersed into the diffusion medium. The devices were run at 100 rpm and maintained at 37°C ± 0.5°C. At designated time points, a 0.5 mL quantity of diffusion medium was withdrawn, followed by supplementing with an equal volume of fresh diffusion medium to keep the total volume of diffusion medium constant. Quantitative determination of pyridostigmine was carried out using second derivative spectrophotometry. The in vitro release experiments were conducted in three batches each of PPNMCs and pure pyridostigmine. The in vitro release kinetics of pyridostigmine from the nanosized microcapsules were investigated in four different types of dissolution medium: pH 7.4 phosphate buffer solution (pH similar to that of blood); 0.1 mol/L HCl (pH 1.2, similar to that of gastric fluid); pH 6.8 phosphate buffer solution (pH similar to that of intestinal fluid); and 0.1 mol/L HCl for the first 2 hours and pH 6.8 phosphate buffer for the next 70 hours.

Results and discussion
======================

Preparation of PPNMCs
---------------------

The various types of solvents, namely dichloromethane, ethyl acetate, mixed solvent (dichloromethane to ethyl acetate, 1:1, v:v), and acetone, were screened for suitability in the preparation of PPNMCs. No PPNMC was formed when acetone was used as oil phase. Further, only a few PPNMCs formed when ethyl acetate and the mixed solvent were used. Fortunately, many PPNMCs formed when dichloromethane was used as oil phase, so dichloromethane was chosen to prepare the PPNMCs in our study ([Figure 2A](#f2-ijn-8-737){ref-type="fig"}).

As shown in [Figure 2B](#f2-ijn-8-737){ref-type="fig"}, the optimum volume ratio of internal phase to external phase was calculated to be 1:10, because it gave a high encapsulation rate of 30.44% (mean, n = 3) and a high drug-loading capacity of 1.45%. The main constituents of PPNMCs, namely PLA as an encapsulation material and PVA as a stabilizing agent and surfactant, were chosen at certain concentrations to achieve desirable formulation properties. As seen in [Figure 2C](#f2-ijn-8-737){ref-type="fig"}, on increasing the PLA concentration, entrapment efficiency increased up to 44.80% and drug-loading capacity decreased to 0.64%. Drug-loading capacity was maintained at around 0.70% when the PLA concentration was varied from 2% to 6%. As seen in [Figure 2D](#f2-ijn-8-737){ref-type="fig"}, a P VA concentration of 5% achieved the maximum entrapment efficiency (83.16%) and drug-loading capacity (3.92%), but obvious aggregation was observed under this condition. Therefore, a P VA concentration of 3% was chosen to obtain PPNMCs with relatively high entrapment and drug loading as well as good surface morphology. When the amount of pyridostigmine was set at 40 mg, the maximum entrapment efficiency and drug-loading capacity achieved was 66.35% and 4.21%, respectively ([Figure 2E](#f2-ijn-8-737){ref-type="fig"}). Therefore, PPNMCs might have limited payload and encapsulation capacity when the formulation components are kept constant.

Taken together, the above findings suggest that the optimal oil phase type, volume ratio of inner phase to external phase, PLA concentration (%, w:v), P VA concentration (%, w:v) and amount of pyridostigmine should be dichloromethane, 1:10, 6%, 3%, and 40 mg, respectively.

Validation of model optimization
--------------------------------

In order to evaluate the entrapment and drug loading of the optimized formulations obtained by the single-factor tests, PPNMCs were prepared using the protocol described earlier (with dichloromethane used as oil phase, volume ratio of inner phase to external phase, PLA concentration, PVA concentration, and amount of pyridostigmine set at 1:10, 6%, 3%, and 40 mg, respectively). Encapsulation rates and drug loading of pyridostigmine in PPNMCs prepared under these optimized conditions were found to be 67.59% ± 1.46% and 4.31% ± 0.17%, respectively (n = 3).

The encapsulation rates of the optimized PPNMCs were higher than those of nanosized PLA particles reported previously to range from 2.6% to 65.3%.[@b16-ijn-8-737],[@b23-ijn-8-737]--[@b27-ijn-8-737] In addition, the drug-loading capacities of the optimized PPNMCs prepared here were mid value compared with that of other nanosized PLA particles reported earlier to range from 0.14% to 8%.[@b23-ijn-8-737],[@b25-ijn-8-737]-- [@b27-ijn-8-737] These changes in entrapment efficiency and drug-loading capacity might be due to the different type, amount, and solubility properties of the agents used, as well as the different preparation methods used and aims of the experiments. In our study, PPNMCs were planned and produced, and enabled good sustained release of pyridostigmine. Our hypothesis was confirmed by these in vitro experiments.

Characteristics of PPNMCs
-------------------------

As shown in [Figure 3A](#f3-ijn-8-737){ref-type="fig"}, PPNMCs were evenly dispersed in distilled water, and had a round appearance. The structure of the PPNMCs remained relatively intact with no obvious aggregation. The mean particle diameter of the smooth spherical PPNMCs was 937.9 ± 2.5 nm and the mean polydispersity index (indicating size distribution) was 0.722 ± 0.02 ([Figure 3B](#f3-ijn-8-737){ref-type="fig"}). The nanoscale size range and good homogeneity of the PPNMCs might be attributable to the main constituents of the designed nanosized microcapsules. The encapsulation material (PLA) intercalated with the stabilizing agent and surfactant (PVA) also contributed to the production of the double emulsion with the desired interfacial strength and effective stress. The zeta potentials and width of the optimized formulations were --19.55 ± 2.1 mV and 4.7 ± 0.5 m V, respectively ([Figure 3C](#f3-ijn-8-737){ref-type="fig"}). The electronegativity of the PPNMCs might be explained by the presence of terminal carboxylic groups in the polymers. The high electric potentials might ensure a high energy barrier to stabilize the nanosystem. In other words, charge repulsion provided an electrostatic potential barrier for the PPNMCs and thus good stability, making these nanoparticle systems a good choice for slow delivery of pyridostigmine.[@b28-ijn-8-737]

In vitro release of pyridostigmine from PPNMCs
----------------------------------------------

Release curves were achieved by measuring cumulative drug release for up to 72 hours. [Figure 4](#f4-ijn-8-737){ref-type="fig"} shows the drug release curves for the nanosized PPNMCs in four types of dissolution medium with different pH levels: pH 7.4 phosphate buffer solution, 0.1 mol/L HCL, pH 6.8 phosphate buffer solution, and 0.1 mol/L HCl (2 hours) and pH 6.8 phosphate buffer solution (70 hours). Several mathematical models fitted with these experimental data. As shown in [Table 1](#t1-ijn-8-737){ref-type="table"}, the results indicate that both the Ritger-Peppas and Weibull models fitted well, regardless of type of dissolution medium used.[@b29-ijn-8-737] The PPNMCs showed an initially rapid rate of release of pyridostigmine followed by slower release over an extended period of time (72 hours). About half of the total amount of pyridostigmine was released from the PPNMCs in the first 30 minutes, because of the mass of nonentrapped pyridostigmine.[@b30-ijn-8-737],[@b31-ijn-8-737] This "burst effect" enables rapid drug efficacy for patients in the clinical setting. On the other hand, the entrapped pyridostigmine was prevented from diffusing into the dissolution medium by the PLA nanoparticles, and this might be responsible for the slow release rate after 30 minutes, whereas for the free pyridostigmine solution, under the same conditions, 85.44% ± 0.18% (n = 3) was released in the first 30 minutes and 99.94% ± 0.01% (n = 3) over 24 hours. The rate of release of pyridostigmine from the PPNMCs was therefore relatively slow compared with that of free pyridostigmine.

Among several methods investigated for comparison of dissolution profiles, the similar factor (*f*~2~) method is the simplest and most reliable, so was used in our experiments. The *f*~2~ values were calculated using the following formula:
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where *f*~2~ is the similar factor, *X~ii~* and *X~ri~* are the cumulative drug release rates at time *t* of two dissolution curves, *n* is the number of sample points, and *W~t~* is the weight, and set as 1 here.

When the two profiles were identical, the *f*~2~ value was 100. In the case of an average difference of 10% at all sampling time points, the *f*~2~ value changed to 50. The US Food and Drug Administration has set a common criterion for the *f*~2~ value (50--100) to illustrate similarity between a pair of dissolution curves. The higher the value of a similar factor, the closer the similarity. As shown in [Table 2](#t2-ijn-8-737){ref-type="table"}, a statistically significant similarity was found between every pair of dissolution profiles for PPNMCs in the different types of dissolution medium. On the other hand, there was a significant difference between two curves when the *f*~2~ value was below 50. The difference between the curves for PPNMCs and pure pyridostigmine was highly statistically significant.

Overall, the above results confirm that the release rates for pyridostigmine, a highly water-soluble drug, can be controlled by entrapping the drug in nanosized PLA microcapsules. Our findings suggest that PPNMCs might be useful carriers for sustained-release pyridostigmine in the treatment of myasthenia gravis.

Conclusion
==========

This study explored the feasibility of formulating a biodegradable nanosized microcapsule pyridostigmine delivery system using a double emulsion-solvent evaporation technique. Highly water-soluble pyridostigmine could be entrapped well in nanosized PLA microcapsules, the properties of which could be optimized by changing various formulation and process parameters.

In the present work, the process optimization of PPNMCs was carried out using a single-factor test methodology. Our study confirmed that the oil phase, volume ratio of inner phase to external phase, PLA concentration, P VA concentration, and pyridostigmine content has a significant impact on the entrapment and drug payload of PPNMCs. PPNMCs prepared using the optimized protocol were in the nanometer range, with good uniformity in size, spherical shape, and a smooth surface. The release tests were conducted in different types of release medium. Compared with free pyridostigmine, PPNMCs had significantly slower release rates of pyridostigmine in vitro. Further studies are necessary to evaluate the relationship between release behavior in vitro and in vivo. The preliminary results of our research on PPNMCs as a sustained delivery nanosystem are very encouraging. Development of this novel pyridostigmine sustained-release delivery nanosystem might relieve the immediate pressure to find new acetylcholinesterase inhibitors.
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![(**A**) Zero order spectra of the supernatant of nanosized pyridostigmine-poly(lactic acid) microcapsules (a) and empty nanosized microcapsules (b). (**B**) Second order derivative spectra of pyridostigmine.\
**Abbreviation:** PYR, pyridostigmine.](ijn-8-737Fig1){#f1-ijn-8-737}

![Effect of (**A**) solvent type, (**B**) volume ratio of inner water phase to oil phase, (**C**) PLA concentration, (**D**) PVA concentration, and (**E**) amount of PYR on entrapment efficiency and drug-loading capacity (n = 3).\
**Abbreviations:** PYR, pyridostigmine; PLA, poly(lactic acid); PVA, polyvinyl alcohol.](ijn-8-737Fig2){#f2-ijn-8-737}

![(**A**) Photomicrographs (2000×), (**B**) graph depicting particle size distribution, and (**C**) graph depicting zeta potential of nanosized pyridostigmine-poly(lactic acid) microcapsules.](ijn-8-737Fig3){#f3-ijn-8-737}

![Drug release profiles of pure pyridostigmine in dissolution medium (pH 7.4 PBS), and PPNMCs in four types of dissolution medium (pH 7.4 PBS, 0.1 mol/L HCL, pH 6.8 PBS, and 0.1 mol/L HCl for 2 hours and subsequently pH 6.8 PBS for 70 hours).\
**Abbreviations:** PPNMCs, nanosized pyridostigmine-poly(lactic acid) microcapsules; PBS, phosphate buffer solution; PYR, pyridostigmine.](ijn-8-737Fig4){#f4-ijn-8-737}

###### 

Mathematical model of mean cumulative release rate versus time

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Release medium              pH 7.4 PBS                                 0.1 mol/L HCl                               pH 6.8 PBS                                  0.1 mol/L HCL (2 hours) pH 6.8 PBS (70 hours)
  --------------------------- ------------------------------------------ ------------------------------------------- ------------------------------------------- -----------------------------------------------
  Zero-order kinetic model    *Q* = 0.0422*t* + 51.752\                  *Q* = 0.0539*t* + 49.479\                   *Q* = 0.0517*t* + 49.781\                   *Q* = 0.0939*t* + 493495\
                              *r* = 0.8992                               *r* = 0.8109                                *r* = 0.8320                                *r* = 0.7541

  First-order kinetic model   ln(1 − *Q*) = −0.0009*t* + 3.8764\         ln(1 − *Q*) = −0.0011*t* + 3.9222\          ln(1 − *Q*) = −0.0011*t* + 3.9164\          ln(1 − *Q*) = −0.0019*t* + 3.9212\
                              *r* = 0.9032                               *r* = 0.8193                                *r* = 0.8401                                *r* = 0.7666

  Higuchi model               *Q* = 0.4087*t*^1/2^ + 51.078\             *Q* = 0.5466*t*^1/2^ + 48.529\              *Q* = 0.4946*t*^1/2^ + 48.978\              *Q* = 0.9863*t*^1/2^ + 47.716\
                              *r* = 0.9618                               *r* = 0.9067                                *r* = 0.8785                                *r* = 0.8740

  Hixcon-Crowell model        (100 − Q)^1/3^ = −0.0011*t* + 3.6405\      (100 − Q)^1/3^ = −0.0013*t* + 3.6967\       (100 − Q)^1/3^ = −0.0013*t* + 3.6894\       (100 − Q)^1/3^ = −0.0023*t* + 3.6956\
                              *r* = 0.9019                               *r* = 0.8166                                *r* = 0.8374                                *r* = 0.7625

  Ritger-Peppas model         ln *Q* = 0.0126 Int + 3.936\               (100 − Q)^1/3^ = 0.0188*t* + 3.8833\        (100 − Q)^1/3^ = 0.0161*t* + 3.894\         (100 − Q)^1/3^ = 0.0347*t* + 3.865\
                              *r* = 0.9763                               *r* = 0.9786                                *r* = 0.9086                                *r* = 0.9679

  Weibull model               lnln\[1/(1 − *Q*)\] = 0.0187*t* − 0.331\   lnln\[1/(1 − *Q*)\] = 0.0272*t* − 0.4077\   lnln\[1/(1 − *Q*)\] = 0.0234*t* − 0.3925\   lnln\[1/(1 − *Q*)\] = 0.0504*t* − 0.4334\
                              *r* = 0.9722                               *r* = 0.9795                                *r* = 0.9081                                *r* = 0.9702
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:***Q* means cumulative pyridostigmine release at time *t*.

**Abbreviation:** PBS, phosphate-buffered solution.

###### 

Similarity between dissolution profiles of free pyridostigmine and PPNMCs in different types of dissolution medium

  Release profile 1   Release profile 2                                   *f*~2~                                                         
  ------------------- --------------------------------------------------- ---------- --------------------------------------------------- -------
  PPNMCs              0.1 mol/L HCL                                       Free PYR   pH 7.4 PBS                                          18.41
  PPNMCs              pH 7.4 PBS                                          Free PYR   pH 7.4 PBS                                          19.58
  PPNMCs              pH 6.8 PBS                                          Free PYR   pH 7.4 PBS                                          18.75
  PPNMCs              0.1 mol/L HCL (2 hours) and pH 6.8 PBS (70 hours)   Free PYR   pH 7.4 PBS                                          18.56
  PPNMCs              0.1 mol/L HCL                                       PPNMCs     pH 7.4 PBS                                          79.65
  PPNMCs              0.1 mol/L HCL                                       PPNMCs     pH 6.8 PBS                                          90.94
  PPNMCs              0.1 mol/L HCL                                       PPNMCs     0.1 mol/L HCL (2 hours) and pH 6.8 PBS (70 hours)   86.40
  PPNMCs              pH 7.4 PBS                                          PPNMCs     pH 6.8 PBS                                          84.64
  PPNMCs              pH 7.4 PBS                                          PPNMCs     0.1 mol/L HCL (2 hours) and pH 6.8 PBS (70 hours)   75.59
  PPNMCs              pH 6.8 PBS                                          PPNMCs     0.1 mol/L HCL (2 hours) and pH 6.8 PBS (70 hours)   80.05

**Abbreviations:** PBS, phosphate-buffered saline; PYR, pyridostigmine; PPNMCs, nanosized pyridostigmine-poly(lactic acid) microcapsules; *f*~2~, similar factor.

[^1]: These authors contributed equally to this work
